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Abstract—Cardiovascular disease is one of the leading cause
of deaths worldwide, but there has yet to be an efficient method
for drug testing, with animal testing being both unethical and
unrepresentative of human physiology. Recent advancements in
research on Vessel-on-Chip (VoC) devices open up the possibility
for in vitro drug testing. However, these microfluidic devices do
not have a method to culture multiple cells in a 3D accurate
environment under continuous perfusion. This paper discusses
the challenges of VoC systems and evaluates 2 existing perfusion
mechanisms - the UniChip and standardized fluidic circuit board
(FCB). Calculations and electrical equivalent circuits were made
to analyze the system. The results revealed challenges for the
UniChip design in parallelization of the channels because high
hydraulic resistances are required in the supporting channels
to obtain desired shear rates. On the contrary, the standard-
ized approach of the FCB shows more promise due to many
existing examples for parallelization and continued development
of microfluidic building blocks. In the long run, this approach
should allow for a simplified method of research applications and
automation due to the ease of integrating sensors and additional
components. The paper also addresses the challenges with the
viscous finger patterning technique and fabrication of the chip
that should be considered to move forwards with designing an
appropriate perfusion system.

I. INTRODUCTION

According to the World Health Organization (WHO), ap-
proximately 17.8 million of 55.4 million deaths worldwide in
2019 are due to cardiovascular causes. This number amounts
to 32% of all deaths of which coronary artery disease and
strokes contribute to more than half of these deaths with 8.8
million and 6.2 million deaths respectively and are the two
leading causes of death for the past two decades [1].

While research is being conducted to find effective treatment
for such diseases, the current method of testing for the later
phases, animal testing, is inefficient since animals do not fully
reenact human physiology [2] and is fundamentally unethical.
With recent advancements in stem cell-based organ-on-chip
platforms, in vitro systems can act as an improvement to
current drug testing methods and can furthermore be used to
better understand the various phenomena of the human body.

Organ-on-a-Chip is a microfluidic device with microengi-
neered in vitro structures that allows the physiology and
pathology of human organs to be replicated and experimented
upon [3][4][5]. Several papers have shown that 2D vascular
networks can be cultured in conventional 2D tissue culture
dishes, however, there is not sufficient evidence to demonstrate
that such system is suitable for in vitro representation [6][7].
As such, 3D vascular systems show more promise to be phys-
iologically and pathologically accurate for experimentation.

Currently there are two main methods to generate repro-
ducible lumens. The first being patterning the extracellular
matrix (ECM) of the channels with a small-diameter needle
[8][9]. Although reliable, the labor-intensive nature of this
method is not sustainable for large-scale experiments [10]. The
second method, which will be the method focused on in this
paper, is using a technique called viscous finger patterning
(VFP). This microfluidic technique uses a fluid to displace a
more viscous fluid in a channel to create a finger-like shape
in the middle of the channel [11][12]. This can be seen in
figure 1 [10]. By conducting VFP with a less viscous medium
on a channel with hydrogel, the 3D lumen of interest can
be constructed. However, this width of the resultant lumen
is dependent on various factors including ECM concentration
and pH, timing, pressure, and channel geometries [10], hence
fabricating such channels with precision is an important aspect
for high throughput. The method for which these chips are
being constructed is through creating master-molds by micro
milling Poly(methyl methacrylate) (PMMA), which are later
used to conduct soft lithography with Polydimethylsiloxane
(PDMS) to produce the chips of interest.

While much progress has been made with engineering
effective techniques to create these channels, a perfusion sys-
tem to keep these parallelized 3D channels under continuous
flow during cell culturing and experimentation has not been
developed. This paper aims to evaluate existing perfusion
techniques and propose a viable method in keeping the 3D
lumens under continuous flow.

II. PROBLEM DEFINITION AND RESEARCH QUESTIONS

This research aims to answer the question "How can we
design a multi-channel continuous perfusion system for 3D
blood vessel-on-chip with viscous finger patterning?”. There
are 3 main components in this research question that need to
be analysed and taken into consideration during the design
process.

A. Parallelization of channels

Firstly, the parallelization of channels is important for
preparing multiple channels of the same environments to
improve the replicability of experiments and the throughput
per chip [13].

Currently, experiments are carried out on a chip with 3
parallelized channels each with the dimension of 500 um x
500um X 1cm, spaced equal distance from one another and
placed on on a 75Smm x 25mm X lmm microscope glass.



Therefore, maintaining the same number of parallel channels
would be highly preferred. The reason for having 3 parallelized
channels instead of more is due to the speed limitation of
manually viscous finger patterning each individual channel.

B. Keeping multiple channels under equal pressure and shear
distribution

Keeping these channels under equal pressure and shear
distribution is arguably the most challenging and important
aspect of this research.

Shear stress is one of the 2 important forces exerted when
blood is pumped from the heart and can be interpreted as
the frictional force from the blood flow parallel to the vessel
wall. The other important force is exerted by blood pressure
stretching the wall. Such forces are sensed by cells making up
the vessel wall to modulate endothelial structure and functions
[14][15], hence play a big role in maintaining normal vascular
functions. Additionally, continuous flow is required in the cell
culturing process to improve cell survivability [16], hence
a system that can operate for several days without human
interjection will be ideal.

Furthermore, characterization of channel shear rate and flow
rate is an important aspect of application. Research published
by Costa et al. observed the effect of arterial thrombosis by
observing the backflow velocity at the area of platelet aggre-
gation [2]. Therefore, designing the system for a standardized
shear rate is important for experiments and future applications.

In this paper, the specification for channel shear rate is set at
100051, as this value was a physiological standard identified
from expert interviews.

C. Incorporating the viscous finger patterning technique to
the chip design

Lastly, VFP is required for creating 3D lumens since it is the
most efficient way of reproducing the in vitro models of the
vessels of interest. VFP was a microfluidic technique generated
from when a “finger-like” shape, also known as the Saffman-
Taylor finger [17], was discovered through the middle of the
channel when a less viscous fluid displaces a more viscous
fluid. This microfluidic technique is demonstrated in figure 1
[10].

Fig. 1: Demonstration of the Saffman-Taylor finger and
lumen formation[10]

Currently, the extended passive pumping (EPP) protocol
is proven to be the most reliable method of VFP [10].
This method combines passive pumping method developed by

Bischel et al. [11] and the gravity driven protocol developed by
Herland et al. [12]. The passive pumping method utilizes the
differential surface tension of the different diameter droplets
placed at the inlet and outlet, but lumen formed with this
method characteristically decreased in diameter across the
channel due to the entry effect [11]. On the other hand, the
gravity driven method relies on the hydrostatic pressure of the
chip inlet through placing a pipette tip at the inlet to extend
the pathway, and had a increasing lumen diameter towards the
end [12]. The EPP takes the characteristics of both by inserting
pipette tips of 7mm in both inlets, which resulted in the lowest
variance amongst the 3 methods [10], and this protocol as well
as channel dimensions are being used today.

Several points to be careful of when incorporating the VFP
into the design is the possibility of air-bubbles which lead to
imperfect lumen formation. This has been reported by Herland
et al. [12] and have been circumvented by inserting pipette
tips prior to injecting the hydrogel [10]. However, this can
be an issue if no precaution is taken. Another issue that was
identified through conversations with users is the collapsing of
hydrogel. Since all the formerly introduced protocol uses the
same inlet and outlet for inserting the hydrogel and the less
viscous medium, there was no issue regarding this. However,
in the case that there are several inlets or with a greater/slower
flow rate, there is a risk for the lumen to collapse at more vul-
nerable junctions of the channel. The collapsing of lumen has
already been reported with the GD protocol when insufficient
pressure was applied, to which de Graaf et al. has speculated
to be due to the result of batch-to-batch differences [10].
Therefore, experimentation and fabrication technique should
be also be considered.

The goal of the research is to evaluate existing perfusion
methods for VoC systems, and propose a viable design for the
3D application.

III. METHOD AND RESULTS
A. Expert Interviews

Expert interviews were conducted alongside initial literature
research in order to grasp a better understanding of the
topic and existing designs. Furthermore, it was a valuable
opportunity to discuss possible implementation with experts
who have been working in the field for many years.

A major takeaway from the expert interviews was learn-
ing about the existing designs that the experts have worked
on. While the implementation was for different applications,
information attained from the interviews elaborated on prior
literature research on pneumatic valves and implementation
using multilayered fluidic circuit board design. It also clari-
fied uncertainties in assembly and perfusion pumps used in
practice.

Additionally, there was common consensus that SolidWorks
simulations are better suited for the scope of this research
instead of using the COMSOL software. This was due to the
time limitation and the rapid prototyping that creating models
in SolidWorks allow for, since the files for micromilling have
to be designed in this software. Furthermore, the learning



curve for COMSOL is steep, therefore, it was decided to use
SolidWorks as the main software for design and simulations
due to my prior experience with it.

During the expert interviews, 2 notable designs were men-
tioned. The first design that was a more straightforward
approach using gravity-driven recirculation which was the
UniChip design. The second design was the fluidic circuit
board which involved the use of valves. Taking into consid-
eration the time restrictions of this assignment, the UniChip
design was investigated first because it was considered an
easier design to replicate and print using the micro-milling
machine.

B. UniChip Design

The UniChip design was proposed by Wang et al., as a
means of incorporating vasculature and other shear stress-
sensitive tissues to in vitro microfluidic systems and achieve a
continuous unidirectional flow [18]. The design is based from
a pumpless gravity-driven platform using a rocking motion by
Sung et al. [19], which has been later adapted for many other
OOC models [20][21][16].

The chip consists of 1 channel of interest, denoted as C,
and supporting channels, A and B, which connects C,, to 2
reservoirs, as shown in figure 2. Tubular channels are used to
connect channel B with the respective reservoirs that acts as
passive valves using capillary forces [18]. When placed on the
rocking table which was programmed to flip quickly between
+18 degrees every 15 second intervals, the fluid will flow
from reservoir 1 to a; and divide into channels as and C,,.
The fluid passing through channel C,, will then flow through
bs into reservoir 2. The passive valves restrict any flow from
the inlet of channel B from reservoir 1 as long as the tilt
in the rocking table does not exceed the capillary force, and
the hydraulic resistance are equal throughout each respective
supporting channels [18].
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Fig. 2: Schematic Design of UniChip [18]

To analyze the operation of the chip from an electrical
engineering perspective, the system was expressed as its
electrical equivalent as shown in figure 3. The rocking table
acts as an effort source which generates a hydraulic pressure
due to the difference in the height of the 2 reservoirs. The
reservoir itself acts as a compliance element expressed as a
capacitor, from which the flow is generated, and is connected
in series with the voltage source. Therefore, the capacitor
and voltage source can be expressed as a charged capacitor
or battery. Each channel acts as a resistance due to the

hydraulic resistances in the channel, and the passive valves are
simply diodes. The electrical equivalent circuit demonstrates
an inverse exponential decay as the charged up capacitor
discharges over time. Depending on the hydraulic resistances,
fluid water level, and the frequency of which the rocking
table tilts, this exponential behavior may not be observed and
therefore can be simplified as a voltage source.
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Fig. 3: Electrical Equivalent of single channel UniChip [18]

The UniChip is constructed by assembling 5 upper layers
that make up the reservoir and supporting channels with a
lower layer that acts as the housing for channel C,, with screw-
to-expand inserts. The upper layers and housing cover is cut
from PMMA sheets with only the cell culture layer fabricated
with silicon[18]. The cell culture layer is attached to a plastic
cover slip. This assembly therefore allows for the VFP to be
done manually before assembling with the top layer. This is
shown in Figures 4 and 5.
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Fig. 4: Top layer assembly of UniChip [18]

To evaluate the feasibility of the design, a MATLAB script
was made to calculate the necessary channel dimensions to
achieve a shear rate of 1000s~! while keeping the channel
dimensions that are typically used for 3D blood vessel research
which is 500 pum x 500 um x 1cm [10].

The channel dimensions are related to fluid flow and pres-
sure according to the following equations: Firstly the pressure
drop between the input and output of each channel can be
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Fig. 5: Top and Bottom layer assembly of UniChip [18]

expressed by the sum of the flow rate multiplied by the
hydraulic resistance for the path the fluid flows. This gives
a system of equation as shown [18]:

APIllg = QalRal + QazRGQ
AP, = Qa, Ray, + Qc, (Ro, + Ri,) - (1)
Qal = QGQ + ch

where P is the pressure difference in the input and output of
the reservoirs, Q denotes the flowrate, and R the hydraulic re-
sistance. Furthermore, the pressure drop can also be expressed
as follows [18]:

AP = pgAh 2)

where p is the fluid density, g is the gravitational accelera-
tion, and ¢éh is the difference in height of the input and output
points on the reservoir.

Next, the equations for the hydraulic resistance are shown
at equation 3, where p is the dynamic fluid viscosity, and
w, h, I points to the width height, and length of the channel
respectively [18]. The tubular equation is used to calculate
hydraulic resistance for channel C,, since the channel will
undergo VFP to form 3D lumen.
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Furthermore, the shear stress is calculated using 2 different
equations for the supporting channel and VFP channel for the
same reason [18][10]:
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Since the design specifications aim for a shear rate of
1000s~ 1, the equation that correlates shear rate and shear
stress is [22]:

T =Y )

Several assumptions were made during the calculation.
Firstly, the channel diameter of C, was defined as 250 pm,
taking reference to the average reported diameter for the VFP

protocol used [10]. Additionally, the dynamic fluid viscosity
(p) and the fluid density (p) both assume the values of water
at 35°C to mimic body temperature. Furthermore, the angle
of tilt table for calculating the elevation and capillary force
was defined as 18 degrees, following the angle used by Wang
et al [18].

The MATLAB script first calculated and compared the
values for fluid flow and shear stress reported by Wang et
al. While the values did not match up completely since the
paper calculated the dimensions using viscosity and fluid
density values at 20 degrees to validate the design with
experiments in the lab, a similar flow and shear was obtained
from the calculations. The MATLAB script also calculated the
supporting channel dimensions required to obtain a shear rate
of 1000s~! with the current dimensions being used for VoC
research [10]. During this, it was assumed that the difference
in length of channel A and B will be kept the same as that
in the paper by Wang et al., 11mm, and the width and length
will follow similar values as well [18]. As a result, the required
length increased to 33.8mm for a; and as, and 44.8mm for by
and by. Compared to the 15.3mm and 26.3mm used by Wang
et al. [18] this is a significant increase. This suggests that
the larger the length of channel C,, the larger the supporting
channels need to be such that channels A and B have higher
resistances, and ideal shear rate is obtained.

To understand how much the dimensions influence the shear
rate in the channels, the shear rate was plot for varying
channel dimensions. Figure 6 shows a plot of shear rate
against varying channel length. According to equation 3, the
relationship is linear. The plot is linear and shows a steep
slope, indicating that tuning this parameter will change the
shear rate significantly. In addition to the length, the height
and tilt angle was also investigated and can be found in the
appendix A, alongside comments and realizations from the
plots.
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Fig. 6: Plot of Shear rate for varying channel length for A
(blue) and B (red)

After the calculations were completed, a preliminary design
was made in SolidWorks based on the calculated parameters



with the plan to print and carry out experiments (Appendix
B). However, the UniChip design has additional challenges
when trying to parallelize the channels. Wang et al. proposes a
generalized design (Figure 7) for the UniChip where multiple
channels can be parallelized between 2 reservoirs, however,
one critical requirement is that the system requires a minimum
of 1 active or passive valve at each inlet/outlet of channel
B [18]. This requirement to have at least 2 valves in the
system does not pose a large challenge since the passive
valve utilizing hydraulic resistance should suffice. However,
the viscous finger patterning step can cause the system to not
reach the ideal shear rate if each channel have unequal or
uneven lumen diameters. This is difficult to control since VFP
is currently conducted by hand and lumen formation remains
to be inconsistent.
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Fig. 7: Proposed design for parallelized UniChip design [18]

Alike the single channel UniChip design, the parallelized
system was expressed as its electrical equivalent circuit in
figure 8. The operation of the system is alike that of the single
channel, but with the circuit acting as a current divider. With
proper design considerations to keep each parallel resistances
equal through adjusting the resistance values in channels a and
b, the current across the channels of interest should remain

equal.
v
o)
/
=¢
R_a1 R_a2 R_a3
VWA VWA VWA
b1 R_Cuf R_Cu2 02
—— VN WA— WY
R_b1 R_b2 R_b3

A
Fig. 8: Electrical Equivalent of parallelized UniChip [18]

The MATLAB script for the calculations with annotations
can be found in the appendix D.

C. Fluidic Circuit Board with valves

Since the UniChip design faced a challenge in paralleliza-
tion which is one of the requirements in the research question,

the fluidic circuit board method of implementation was con-
sidered.

In efforts to establish a standardized format for design-
ing microfluidic chips, microfluidic building blocks (MFBBs)
were realized [23][24]. These building blocks are analogous
to transistors and switches in the electrical engineering field
[25], and instead of reinventing the wheel for every research
application, these building block allows for a simplified design
cycle where only the fluidic circuit board (FCB) has to be
designed [23].

Realizing a system for 3D VoC using MFBBs will allow for
easy implementation of future design iterations or improve-
ments, since it uses standardized components. Vollertsen et
al. has successfully demonstrated the application of a MFBB
enabler which allowed a better standardized plug-and-play
protocol with 64 parallelized chambers in 2D. This enabler and
FCB design successfully operated with a microfluidic large-
scale integration (mLSI) MFBB and a dosing MFBB [13]. For
this implementation, with the use of selective coating, only
the channels of interest should undergo VFP to recreate the
appropriate environment for 3D lumens, which is not possible
by only including a VFP step to the suggested cell culturing
protocol. This is because VFP requires the channels to be filled
with hydrogel for the less viscous fluid to displace the existing
hydrogel and create an appropriate lumen.

A suggestion that was made during the expert interview was
to create a separate channel that can be opened or closed using
pneumatic valves where VFP can be done. This applies the
multiplexer logic used in the mLSI MFBB of Vollertsen et al.
which can be seen in figure 9. The mLSI MFBB incorporates
pneumatic valves in “push-up” configuration and allowing
control over the perfusion of all 64 individual channels using
multiplexer logic. Specifically Figure 9d shows the pressuriza-
tion of the 4 bottom horizontal channels, which closes 3 of
the valves allowing for 1 channel to remain open. By applying
combinatorial logic, Vollertsen et al. has designed an MFBB
with 8 control channels that controls 64 chambers individually
[13].

The diagram for a possible implementation is shown in fig-
ure 10. This idea involves using 2 input channels to introduce
the hydrogel and medium for VFP separately. The solid lines
with dark valves will be the channel which will be opened first
to introduce the hydrogel to all respective channels. Then, the
dark valves will be closed, and light valves on the dotted lines
will be used to conduct VFP by introducing the medium. This
input channel will also be used for any further experiments.
The medium input channel will be introduced from a higher
layer of the chip instead of from the horizontal direction in
order to prevent any lumen failure or collapse during VFP.

This diagram has been expressed in terms of electrical
equivalent circuit as shown in figure 11. The valves are
expressed as switches since they will only be used in fully
open or closed configuration. Furthermore, both the input
sources and control for the switch are voltage sources because
one of the biggest assumption of the system is the use of
one single Fluigent pressure pump for all operations due
to its easily programmable 8-channel-pumpinng function. To
achieve equal flow rate in each lumen channel, the medium
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input or V1 of the equivalent circuit is placed at the middle
of the system such that it is a symmetrical system apart from
the hydrogel channel (V2). By choosing the proper channel
dimensions for inner and outer channels, the resistance will be
equal (Ral = Ra2, Rbl = Rb2 in Figure 11), and the channel
of interest highlighted in the blue area of figure 10 (or RC in
Figure 11) will have equal flow across it.

Another possible implementation is to use valves in each
channel to control the flow rate. This will allow for the user

Fig. 11: Electrical equivalent circuit of a possible
implementation of VFP in FCB

to account for any discrepancies in the lumen formation by
adjusting the flow rate of each channel to achieve equal flow,
or close off any channels with failed lumens. This possible
implementation is shown in the appendix C

While this is a novel design, research to characterize VFP
across multiple parallelized channels through one input chan-
nel has not yet been conducted. However, general characteriza-



tion of the VFP shows dependency on various factors including
density of the fluid, and mobility ratio to name a few [26].
Therefore, any discrepancy in the hydrogel and fluid flow in
each channel may lead to inconsistent lumen diameter with
multiple parallelized channels. Furthermore, pneumatic valves
using a pressure pump only exist in an open configuration
[27], which means, the valves connecting the hydrogel channel
needs to be kept pressurized in order to remain closed.

IV. DISCUSSION
A. UniChip

From the calculations, the required length for the desired
shear stress was 33.8mm and 44.8mm for each of the 2 sup-
porting output channels. While Wang et al. has also suggested
a method for parallelization (Figure 7) [18], the resistance of
each supporting channel will decrease due to the length of
the channels being shortened as shown in figure 6. The main
channel will have the same dimensions with a relatively high
resistance, hence the flow rate will be lower, and attaining the
required shear rate will be more difficult. Additionally, while
the capillary rise should prevent any backflow, boundary con-
ditions between each channel will change due to parallelization
and its effects may affect the flow rate and edge effects
may be observed. Furthermore, from expert interviews, it was
identified that the viscous finger patterning was inconsistent
with varying lumen diameter. Therefore, since the design relies
on hydraulic resistance of the channels, this inconsistency will
likely demonstrate discrepancies in shear rate between each
channel.

Another thing to consider is that if any one of the lumen
collapses, there is no option to remove that specific channel
from the parallelized system since every supporting channel is
connected to one another. This may be avoided by integrating a
pneumatic valve to each channel, but this will require both a
rocking table and a pressure pump to run and will be very
inefficient. Furthermore, closing a channel will double the
hydraulic resistance since it will extend the supporting channel
by twice the length, and cause further problems.

B. Fluidic Circuit Board with Quake valves

The fluidic circuit board design faces a major challenge with
viscous finger patterning. Because the device uses standardized
components, a MFBB using the pressure pumps to conduct
VFP through active pumping, as opposed to the current EPP
protocol [10], would be ideal. This is because the FCB allows
multiple channels to be parallelized and therefore manually
conducting VFP across every one of the channels will be
time consuming and undesirable due to the volatility of cell
culturing environment. However, there is little progress in this
specific field of study. One of the points to investigate is
whether the VFP technique can be used in a multi-channel
setup. This will be further discussed as a challenge with VFP
under the next section.

While there are challenges, the FCB is the most promising
design since it is a standardized method and can be expected
to become more common in the future, alike that of electrical
circuit and components. This would reduce the need for

redesigning setups for certain drug testing and experiments,
but rather apply a pre-existing MFBB someone has developed
to accomplish the specific research application.

Furthermore, using pressure pumps allows for automation
since many of said devices can be programmed. An issue
with automation is introducing new resistances to the circuit.
This was mentioned during expert interviews, and was verified
during a test setup where the performance of a Fluigent
pressure pump was investigated. During testing, the channel
with a flow sensor attached had a significantly lower flow rate
with the same pressure applied.

C. Other considerations

a) Viscous finger patterning: While the interfacial insta-
bility that is applied in the viscous finger patterning technique
for VoC have been studied by many, it is a phenomenon that
is very difficult to control. Various papers have attempted to
do so through passive and active means [28]. Therefore, the
complexity of investigating and realizing a effective protocol
for promising designs such as the FCB will be a large
challenge by itself.

While conducting viscous finger patterning across a singular
channel will not be an issue, the idea of designing a MFBB to
conduct VFP across parallelized channels might face different
issues since the fluids will tend to travel the route with least
resistances. If the VFP is implemented as figure 10, whether
the lumen will form throughout all channels is yet to be
verified. Since the length of the channel used for VoC research
is lcm long, it might be a challenge. Furthermore, there has
not been any documentation that implemented the viscous
finger patterning of VoC channels by means of active pumping
discovered during this research.

b) Fabrication method: Another thing to consider when
designing the systems is constructing a reliable protocol for
assembling the different layers together. During the expert
interviews, it was mentioned that leakage across the different
layers is a common problem. For the approach of UniChip and
FCB alike, several of the layers were combined using ethanol
assisted thermal bonding and the entire chip was held together
with screw-to-expand inserts or screwing nuts and bolts into
the clamps [18][13]. Furthermore, preparation for cell culture
also needs to be taken into consideration. A common step is to
functionalize the surface through exposure to oxygen plasma
[13]. This is an important step for VFP when introducing the
collagen into the channels, hence being able to conduct that on
channels of choice may be important depending on the chip
design and purpose.

V. CONCLUSION

This paper investigated methods to design a multi-channel
continuous perfusion system for 3D VoC research using vis-
cous finger patterning. Parallelization of channels are impor-
tant for throughput and upscaling of resarch, and continuous
perfusion are important for cell survivability and maintaining
normal vascular function of the cells. Therefore, systems were
evaluated for a shear rate of 1000s~!, chosen as a phys-
iological standard based on expert interviews. Furthermore,



as a method for recreating physiological and pathologically
accurate microfluidic systems, VFP was the method of choice
to form 3D accurate lumens.

2 promising designs for 3D VoC perfusion systems were
evaluated through calculations and modelling of electrical
equivalent circuits, and its applicability was discussed. The
UniChip by Wang et al. [18] utilized a rocking table for its
a passive gravitational driven approach, however, due to the
selected dimensions for the lumen channel, the supporting
channels and required hydraulic resistances were too large.
Additionally, due to VFP being inconsistent in its lumen
diameter and with the added risk of the lumen collapsing,
the system is not robust enough for paralellization. The FCB
with MFBBs [13][25][23] shows better promise due to readily
available standardized components. However, this still requires
a standardized protocol for viscous finger patterning to be
conducted since there is a lack of research and documentation
for this multi-channel application.

In conclusion, designing a fluidic circuit board with mi-
crofluidic building blocks would allow for standardizing of
perfusion systems in the long run and is the most optimal
method of implementation. For this, better characterization of
the viscous finger patterning technique is required.
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APPENDIX

A. Plots to investigate shear rate dependency with dimension
and tilt

Figure 12 and 13 observed the shear rate when the height
of channel B and when the angle of the tilt table was changed
respectively. The reason why only the change in height for
channel B was observed in figure 12 is because channel A
already used a very small channel height of 0.25mm, and
taking into consideration the fabrication limits, there was little
room to make any changes. On the other hand, the height of
channel B was 1.3mm, and it was possible to make it smaller
if needed.

The angle was changed from 1 degree to 30 degrees in
Figure 13, where the angle of tilt is in shown in radians.
While 18 degrees, or 0.314 radians is approximately at 1000
reciprocal seconds for shear rate, the plot shows that it can
change a lot hence tuning the shear rate by changing the tilt
angle is not a very feasible option.
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Fig. 12: Plot of Shear rate for varying height for channel B
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Fig. 13: Plot of Shear rate for varying Angle of Tilt



B. SolidWorks Design for calculated UniChip dimensions

Fig. 14: Initial SolidWorks model of the UniChip
implementation

C. FCB with valves for each channel to control individual
flow rates

/\

Fig. 15: Diagram of a possible implementation of VFP in
FCB

The pneumatic valves will be used as a variable resistor
and change the flow rate according to the channel’s resultant
resistance post VFP.

10

D. MATLAB Script

1 %o

2 close all

3 clear all

4 clc

5 %%

6% 0. Introduce standardized parameters

7mu = 7.9%10"-4; %Dynamic fluid viscosity of
water: Pas (30C)

8 tho = 994.03; %Fluid density of water: kgm"-3

at 35 Celsius

9g = 9.8; %Gravitational acceleration: ms
~=2

10 tilt = 18xpi/180; %tilt of 18 degrees in radians

1

12

13% 1. Calculate shear stress/rate for design

14% 1.1 Define parameters of channels (meters)

15ws_a = 1.3%x10"-3;

16 hs_a = 0.25%10"-3;

17 Is_a = 15.3%10"-3;

18

19 hs_b = 1.4%x10"-3; % ws > hs

20 ws_b = 1.5%10"-3;

21 Is_b = 26.3%10"-3;

22

23 ws_¢c = 0.76%x10"-3;

24 hs_c = 0.25%10"-3;

25 Is_¢c = 6.25%x10"-3;

26

27 %1.2 Calculate basic variables

28 %1.2.1 Difference in pressure: d_Ps = rhosgsxdifference in
height

29 %difference in height for al to a2

30 d_hs_ala2 = asin(tilt)=xIs_a=*2;

31 d_Ps_ala2 = rhoxgsd_hs_ala2;

32 %difference in height for al to b2

33 d_hs_alb2 = asin(tilt)=(ls_a+ls_b);

34 d_Ps_alb2 = rhoxg+d_hs_alb2;

35

36 %1.2.2 Calculate resistances of each channel

37 rs_a = ((12«muxls_a)/(ws_axhs_a "3))=(1—-(192xhs_a)/(pi"5=
ws_a)=tanh ((pixws_a)/(2xhs_a)))"-1;

38 rs_b = ((12+muxls_b)/(ws_bxhs_b "3))=(1-(192«hs_b)/( pi~5x*

ws_b)stanh ((pixws_b)/(2+hs_b))) " —1;
= ((12#muxls_c)/(ws_cxhs_c "3))=(1—-(192«hs_c)/(pi“5=*
ws_c)=tanh ((pisws_c)/(2«hs_c))) " —-1;

rs_c

40

41 %1.3 Compute expected flow rate as systems of equations
42 syms Qs_al Qs_a2 Qs_c

43 eqs_1 = d_Ps_ala2 == Qs_al=rs_a+Qs_a2=rs_a;

44 eqs_2 = d_Ps_alb2 == Qs_al=rs_a+Qs_c=*(rs_c+rs_b);

45 eqs_3 = Qs_al == Qs_a2+Qs_c;

46 eqns = [eqs_1 eqs_2 eqs_31];

47 vars = [Qs_al Qs_a2 Qs_c];

48 [solQs_al solQs_a2 solQs_c] = solve(eqns,vars);

49 sQs_al = double(solQs_al);

50 sQs_a2 = double(solQs_a2);

51 sQs_c = double(solQs_c); %flow rate in m"3/s
52

53 sQs_al_mulm = sQs_al x1079x60; %flow rate in ul/min
54 sQs_a2_mulm = sQs_a2%10"9%60;

55 sQs_c_mulm = sQs_c%10"9 =60;

56

57 % flow rate of al = 586.3 ul/min

58 % flow rate of a2 = 117.6 ul/min

59 % flow rate of ¢ = 468.7 ul/min

60

61 %1.4 Compute shear stress and shear rate

62 tau_s = (6+muxsQs_c)/(ws_cxhs_c"2); %Pa

63 gamma_s = tau_s/mu; Yos " —1

64

65 %Results

66 % tau_s*10 = 7.796 dyne/cm”2 since dyne/cm”2 = 0.1Pa

67 % gamma_s = 986.78 s"-1

68 Wo

69 % 2. Calculate dimensions from ideal shear stress with
given channel dim.

70 % 2.1 Calculate target shear stress from 1000"-1

71 gamma_i = 1000; Pos " —1

72 tau_i = gamma_isxmu; %Pa

7.
74 %

>

2.2 Define channel dimensions
lumen formation)

0.25%10"-3;

(assume diameter 250um

75 di_c % lumen channel dimensions
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120
121
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127
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130
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131
132
133
134

135

136
137
138
139
140
141
142
143

145

146
147
148
149
150
151

li_c

% 2.3 Calculate

Qi_c
ri_c
% 2.
% 2

hi_a

% 2.4.3 Assume same width for
channel A, B in

NS

10107 -3;

parameters

(tau_ispixdi_c"3)/(32=mu);
(8xmuxli_c)/(pix(di_c/2)"4);

Assumptions
.1

Assume height
following
di_c;

% + channel
wi_a = 1.4%10"-3;
wi_b = wi

% 2.4.4 Assume width
wi_b;

hi_b

% 2.4.5

Wi_

% length
syms li_a;

% difference

Identify
% width of channel A =

of

a;

of channel
similar

paper

width is equal for both

variables
channel B
channel A

in

d_li = 1s_b-1s_a;

li_b = li_a+d_li;

% 2.5 Setup systems of equations:
% 2.5.1 Pressure difference
%difference in height for al to a2
d_hi_ala2 = asin(tilt)=li_a=2;
d_Pi_ala2 = rhoxgxd_hi_ala2;
%difference in height for al to b2
d_hi_alb2 = asin(tilt)=(li_a+li_b);
d_Pi_alb2 = rhosgxd_hi_alb2;

% 2.5.2 Calculate
ri_a = ((12xmuxli_a)/(wi_axhi_a

ri_b

resistances

of a =
parameters from

of channel B = height

diameter of c,

previous

A and B

length of channel A and B

wi_a)=tanh ((pisxwi_a)/(2+hi_a)))"-1;

((12#mux1li_b)/(wi_bxhi_b

wi_b)=tanh ((pixwi_b)/(2«hi_b)))" " -1;

syms Qi_al Qi_a2
d_Pi_ala2 == Qi_al=ri_a + Qi_a2xri_a;

eqs_1
eqs_2
eqs_3
eqns =
vars = [Qi_al Qi_a2 li_a];

[solQi_al

d_Pi_alb2 == Qi_al=ri_a + Qi_c=(ri_c+ri_b);

Qi_al
[eqs_1

solQi_a2

== Qi_a2 + Qi_c;
eqs_2 eqs_31];

solli_a] =

sQi_al = double(solQi_al);
double (solQi_a2);

sQi_a2
sli_a

double(solli_a);

sQi_al_mulm
sQi_a2_mulm

= sQi_alx10"9%60;
= sQi_a2%1079%60;

YDoflow

44 .8mm therefore

and B to observe
tau_v = (32smuxsQv_c)/(pixd”3);
observe affect

solve (eqns, vars);

rate

to

% Results:

% sli_a = 0.0338 = 33.8mm, sli_b =
channels required

% Qal = 428ul/min, Qa2 = 336ul/min

9o

% 3. Vary length of channel A
in shear rate,

% 3.1 Vary A with constant delta length
shear rate

Iv_a= 0.001:0.0001:0.053;
lv_b= lv_a + d_li;

d_hv_ala2 = asin(tilt)=lv_a=2;
d_Pv_ala2 = rhoxg+d_hv_ala2;
d_hv_alb2 = asin(tilt)=(lv_a+lv_b);
d_Pv_alb2 = rhoxg«d_hv_alb2;

rv_a =

rv_b

of channel B

in ul/min

long

channel A average of width of

3))#(1-(192%hi_a) /(pi*5*

*3))#(1=(192xhi_b) /( pi~5+*

the change

((12xmuslv_a)/(wi_axhi_a "3))*(1-(192«hi_a)/(pi"5=*
wi_a)*tanh ((pi=wi_a)/(2xhi_a)))"—1;

((12#muxlv_b)/(wi_bxhi_b

wi_b)#tanh ((pi#wi_b)/(2+hi_b))) —1;

sQv_al
sQv_a2
sQv_c

for

i

various

zeros (size(lv_a));
zeros (size(lv_a));
zeros (size(lv_a));

1:(length(lv_a))

lengths

% solve

system of equations

*3))%(1=(192%hi_b) /(pi*5*

for

152
153
154

155
156
157
158
159
160
161
162
163

16:
166
167
168
169
170
171
17
17
174
17
176
17

5

>R

by

3

17

=3

179
180
18
182
183
184
185
186
187

188
189
190
191
192
193
194
195
196
197
198
199
200
20
202
203
204
20:
206
20
20
209
210

3

% 3

211
212
213
214

215
216
217
218
219
220
221
22
22
224
225
226

(NN

227
228
229
230

11

syms Qv_al Qv_a2 Qv_c
eqs_l = d_Pv_ala2(i) == Qv_al=rv_a(i)+Qv_a2=rv_a(i);
eqs_2 = d_Pv_alb2(i) == Qv_alsrv_a(i)+Qv_cx*(ri_c+rv_b(i
)
eqs_3 = Qv_al == Qv_a2 +Qv_c;
eqnv = [eqs_1 eqs_2 eqs_31;
varv = [Qv_al Qv_a2 Qv_c];
[solQv_al solQv_a2 solQv_c] = solve(eqnv,varv);
sQv_al (i) = double(solQv_al);
sQv_a2(i) = double(solQv_a2);
sQv_c(i) = double(solQv_c);
end
tau_v = (32«muxsQv_c)/(pixdi_c"3);
gamma_v = tau_v/mu;
% 3.2 Varying length B/delta length with constant A
lv2_a = sli_a;
d_lv2 = 0.0005:0.0001:
1v2_b= 1v2_a + d_Iv2;
d_hv2_ala2 = asin(tilt)=lv2_a=x2;
d_Pv2_ala2 = rhoxgxd_hv2_ala2;
d_hv2_alb2 = asin(tilt)=(lv2_a+lv2_b);
d_Pv2_alb2 = rhoxg+d_hv2_alb2;
rv2_a = ((12xmuxlv2_a)/(wi_axhi_a "3))*(1-(192+hi_a)/(pi"5=*

wi_a)=tanh ((pixwi_a)/(2xhi_a)))"-1;

rv2_b =

((12xmuxlv2_b)/(wi_bxhi_b "3))*(1-(192xhi_b)/(pi~5*

wi_b)stanh ((pi*wi_b)/(2+hi_b)))"-1;

d_Pv2_ala2 == Qv2_al=xrv2_a+Qv2_a2=rv2_a;
d_Pv2_alb2(i) == Qv2_alxrv2_a+Qv2_cx=(ri_c+rv2_b

solve (eqnv,varv);

sQv2_al = zeros(size(lv2_b));
sQv2_a2 = zeros(size(lv2_b));
sQv2_c = zeros(size(lv2_b));
for i = l:(length(lv2_b))
syms Qv2_al Qv2_a2 Qv2_c
eqs_1 =
eqs_2 =
(i)
eqs_3 = Qv2_al == Qv2_a2 +Qv2_c;
eqnv = [eqs_1 eqs_2 eqs_31];
varv = [Qv2_al Qv2_a2 Qv2_c];
[solQv2_al solQv2_a2 solQv2_c] =
sQv2_al (i) = double(solQv2_al);
sQv2_a2(i) = double(solQv2_a2);
sQv2_c(i) = double(solQv2_c);
end
tau_v2 = (32smuxsQv2_c)/(pixdi_c"3);
gamma_v2 = tau_v2/mu;
figure;

plot(lv_a, gamma_v);

set(geca, XTick’ ,(0:0.01:0.06))
hold on
plot (lv2_b, gamma_v2);

xlabel (" Length
ylabel (" Shear rate
title ("Plot with
legend (' Varying

in

with L_a = 33.8mm’,

hold off

% 3.3 Varying height
shear rate

1v3_a = sli_a;

1v3_b= 1v3_a + d_li;

hv3_b = 1
wv3_b = hv3_b;

d_hv3_ala2
d_Pv3_ala2
d_hv3_alb2
d_Pv3_alb2

rv3_a =

varying
L_a with same \Delta
"Location’

of Channel B to

of Channel A and B (m) )
Channel C (s-1)")
channel

dimensions )
length’, “Varying
,’southeast’)

L_b

observe effect to

50%10"=6:50%10"-6:2+10"-3;

asin(tilt)=1v3_a=*2;
rhoxgxd_hv3_ala2;
asin(tilt)=(lv3_a+lv3_b);
rhosg+d_hv3_alb2;

((12+mu=x1v3_a)/(wi_axhi_a"3))*(1-(192«hi_a)/( pi“5x*

wi_a)=tanh ((pixwi_a)/(2x«hi_a)))"-1;

eros(size(hv3_b));

zeros (size (hv3_b));
zeros (size (hv3_b));



231 sQv3_c = zeros(size (hv3_b));

232

233 for i = 1:(length(hv3_b))

234 rv3_b(i) = ((12xmuxlv3_b)/(wv3_b(i)*hv3_b(i)"3))
#(1—=(192xhv3_b(i))/(pi"5+wv3_b(i))xtanh ((pi*wv3_b(i
))/(2+hv3_b(i))))"-1;

235 syms Qv3_al Qv3_a2 Qv3_c

236 eqs_1 = d_Pv3_ala2 == Qv3_al=xrv3_a+Qv3_a2=xrv3_a;

237 eqs_2 = d_Pv3_alb2 == Qv3_alsrv3_a+Qv3_cx*(ri_c+rv3_b(i)
)

238 eqs_3 = Qv3_al == Qv3_a2 +Qv3_c;

239 eqnv = [eqs_1 eqs_2 eqs_31];

240 varv = [Qv3_al Qv3_a2 Qv3_c];

241 [solQv3_al solQv3_a2 solQv3_c] = solve(eqnv,varv);

242 sQv3_al (i) = double(solQv3_al);

243 sQv3_a2(i) = double(solQv3_a2);

244 sQv3_c(i) = double(solQv3_c);

245 end

246

247 tau_v3 = (32xmuxsQv3_c)/(pixdi_c"3);

248 gamma_v3 = tau_v3/mu;

249

250 figure;

251 plot(hv3_b, gamma_v3);

252 set(gea, XTick™,(0:0.5%x10%-3:2.2%10"-3))

253 xlabel ("Height of Channel B ")

254 ylabel (*Shear rate in Channel C (s-1)")

255 title ("Plot with varying channel dimensions’)
256

257 90

258 % 4. Sweep angle between | to 30 degrees to observe the
change in flow

259 la_a = sli_a;

260 la_b= la_a + d_li;

261

262 tilt_a = 1%pi/180:1%pi/180:30%pi/180;

263

264 d_ha_ala2
265 d_Pa_ala2

asin(tilt_a)=la_a=2;
rhosgxd_ha_ala2;

266 d_ha_alb2 asin(tilt_a)=(la_a+la_b);
267 d_Pa_alb2 = rhosxgsd_ha_alb2;
268

200 ra_a = ((12+muxla_a)/(wi_asxhi_a "3))=(1—-(192xhi_a)/(pi"5=
wi_a)=tanh ((pi*wi_a)/(2+hi_a)))"-1;

270 ra_b = ((12xmuxla_b)/(wi_bxhi_b "3))x(1—-(192xhi_b)/(pi’5%
wi_b)=tanh ((pixwi_b)/(2xhi_b)))"-1;

271
272 sQa_al = zeros(size(tilt_a));

273 sQa_a2 = zeros(size(tilt_a));

274 sQa_c = zeros(size(tilt_a));

275

276 for i = 1:(length(tilt_a))

277 syms Qa_al Qa_a2 Qa_c

278 eqs_1 = d_Pa_ala2(i) == Qa_al=ra_a+Qa_a2=ra_a;
279 eqs_2 = d_Pa_alb2(i) == Qa_al=ra_a+Qa_cx*(ri_c+ra_b);
280 eqs_3 = Qa_al == Qa_a2 +Qa_c;

281 eqnv = [eqs_1 eqs_2 eqs_31];

282 varv = [Qa_al Qa_a2 Qa_c];

283 [solQa_al solQa_a2 solQa_c] = solve(eqnv,varv);
284 sQa_al (i) = double(solQa_al);

285 sQa_a2(i) = double(solQa_a2);

286 sQa_c(i) = double(solQa_c);

287 end

288

289 tau_a = (32sxmuxsQa_c)/(pixdi_c"3);

200 gamma_a = tau_a/mu;

291

292 figure;

293 plot(tilt_a , gamma_a);

294 set(geca, XTick’,(0:0.1:30.5%pi/180))
205 xlabel ("Angle of Tilt")

296 ylabel ("Shear rate in Channel C (s-1)")
297 title ("Plot with varying tilt angles’)

=3



